Histidine-to-Aspartate (His-Asp) phosphorelay (or two-component) systems are common signal transduction mechanisms implicated in a wide variety of cellular responses to environmental stimuli in both prokaryotes and eukaryotes. For a model filamentous fungi, Aspergillus nidulans, in this study we first compiled a complete list of His-Asp phosphorelay components, including 15 genes for His-kinase (HK), four genes for response regulator (RR), and only one for histidinecontaining phosphotransfer intermediate (HPt) . For these RR genes, a set of deletion mutants was constructed so as to create a null allele for each. When examined these mutant strains under various conditions stressful for hyphal growth and asexual spore development, two of them (designated ÁsskA and ÁsrrA) showed a marked phenotype of hypersensitivity to oxidative stresses (particularly, to hydrogen peroxide). In this respect, expression of the vegetative-stage specific catB catalase gene was severely impaired in both mutants. Furthermore, conidia from ÁsskA were hypersensitive not only to treatment with H 2 O 2 , but also to treatment at aberrantly low (4 C) and high (50 C) temperatures, resulting in reduced germination efficiency. In this respect, not only the catA catalase gene specific for asexual development, but also a set of genes encoding the enzymes for synthesis of certain stress tolerant compatible solutes, such as trehalose and glycerol, were markedly downregulated in conidia from ÁsskA. These results together are indicative of the physiological importance of the His-Asp phosphorelay signaling network involving the SskA and SrrA response regulators.
Key words: Aspergillus nidulans; Histidine-to-Aspartate (His-Asp) phosphorelay; response regulator; oxidative stress response; conidia Histidine-to-Aspartate (His-Asp) phosphorelay (or two-component) systems are common signal transduction mechanisms implicated in a wide variety of cellular responses to environmental stimuli. 1) A typical twocomponent system consists of a His-kinase (HK) that serves as a sensor for a certain stimulus and phosphorylates (or dephosphorylates) its cognate response regulator (RR) at a phospho-accepting Asp residue. In some instances, however, another common histidine-containing phosphotransfer intermediate (HPt) plays a role in a sequential His-Asp-His-Asp phosphorelay that is generally referred to as a multi-step phosphorelay. 2) In either case, the resulting phospho-RR acts as an effecter to modulate a certain cellular function mainly at the level of transcription.
To date, numerous instances of such His-Asp phosphorelay systems have been identified and characterized for many prokaryotic species. We have been addressing issues with regard to the His-Asp phosphorelay signaling mechanism from a genome-wide viewpoint. Following this approach, we have compiled and characterized a complete list of phosphorelay components for Escherichia coli (a Gram-negative bacterium), 3, 4) Synechocystis PCC 6803 (a unicellular cyanobacterium), 5) and Mesorhizobium loti (a model rhizobium), 6) showing that these divergent prokaryotic microorganisms have a number of HK genes (E. coli, 29; Synechocystis, 42; M. loti, 47). From these comparative studies, we know that the genes for His-Asp phosphorelay components have diverged extremely from one organism to another during evolution. Among the many HKs of E. coli and M. loti, for instance, only three HK genes appear to be orthologous to each other, although these microorganisms belong to the same phylum of Gram-negative proteobacteria. This implies an important point that as far as the His-Asp phosphorelay signaling network is concerned, we should characterize each species individually. Here, we focused on a filamentous fungus, Aspergillus nidulans, whose entire genomic sequences have recently been published. 7) A. nidulans is a model fungal species, to which both Aspergillus fumigatus (a serious pathogen) and Aspergillus oryzae (a very useful industrial fungus) are closely related. Although the entire genome sequences are currently available for the latter two species, 8, 9) they are relatively difficult to study through molecular genetic approaches, as compared with A. nidulans.
Intensive studies of the His-Asp phosphorelay system have been conducted for certain eukaryotic microorganisms, including yeasts. The representative is the model yeast, Saccharomyces cerevisiae, for which it is well documented that a typical multi-step phosphorelay pathway consisting of Sln1p (HK)-Ypd1p (HPt)-Ssk1p (RR) is crucially involved in an osmotic stress response by modulating the downstream MAPK (mitogen-activated protein kinase) cascade, referred to as the HOG-MAPK signaling pathway. 10, 11) This model yeast has only a single HK, named Sln1p. In this connection, another model yeast, Schizosaccharomyces pombe, does not have the Sln1p homolog, but rather three unrelated HKs, Phk1, Phk2, and Phk3, which together are implicated in an oxidative stress response. 12, 13) The third model pathogenic yeast, Candida albicans, also has three HKs (named CaSln1, CaHK1, and CaNik1), all of which are required for its virulence. 14) Among these CaHKs, CaSln1 and CaHK1 are orthologous to Sln1p (S. cerevisiae) and Phk1/Phk2 (S. pombe) respectively. CaNik1 is orthologous to NIK-1/OS-1 (Neurospora crassa) that was reported to be essential for an osmotic response in this fungus. 15, 16) These facts again support the view that the His-Asp phosphorelay systems rapidly diverged evolutionarily even among these closely related eukaryotic microorganisms. In addition, a few papers have recently reported genome-wide views as to the His-Asp phosphorelay systems in certain fungi. [17] [18] [19] Keeping these current views in mind, we compiled a complete list of A. nidulans His-Asp phosphorelay components, revealing that this fungus has 15 HKs, four RRs, and only one HPt (although they are putative ones). Then we characterized the RR genes by genetically disrupting them in the hope of clarifying the physiological impact of the His-Asp phosphorelay signaling network in A. nidulans.
Materials and Methods
Strains, plasmids, media, and transformation. A. nidulans ABPU1 (biA1, pyrG89, wA3, argB2, pyroA4) was used as an arginine-requiring host for transformation. For disruption of RR genes, a plasmid carrying the A. nidulans argB gene on pBluescript II KS+ was used as a starting plasmid. The 1.5 and 2 kb fragments upstream and downstream of the RR ORFs were obtained by genomic PCR using the primers listed in Table 1 . A set of fragments was inserted into both sides of the argB gene on pBluescript II KS+. The resulting plasmids were used for transformation. Protoplast preparation and transformation of A. nidulans were performed by the method of Balance and Turner. 20) A. nidulans BPU1 (biA1, pyrG89, wA3, argB2, pyroA4, argB+), used as a wild-type, was obtained by standard procedures of genetic cross between FGSC A57 (yA2, 
pyroA4, malA1) and ABPU1. Each strain was grown at 37 C in standard A. nidulans minimal-media containing 2% glucose (MM2G) and appropriate requirements. 21) The ÁsskA ÁsrrA double mutant was constructed by standard procedures of genetic crosses. It was required for a two-step cross experiment. First, a cross between ÁsrrA (ABPU1, srrA::argB) and FGSC A82 (pabaA1, yA2) was conducted. A strain that shows srrA gene disruption (srrA::argB) and 4-aminobenzonic acid auxotrophy (pabaA1) was selected. Second, the next cross between this strain and ÁsskA (ABPU1, sskA::argB) was conducted, and strains that have disruptions in both the srrA and sskA gene were selected. The genome construction of these strains was confirmed by PCR at each step (data not shown).
Nucleic acid preparation and isolation. To check the correct chromosomal replacement in the transformants, small-scale genomic DNA isolation from fungal mycelia was carried out using a Qiagen DNeasy plant mini kit (Qiagen, Tokyo). The genomic DNA was used for southern hybridization and a genomic PCR check. For RNA preparation from vegetative hyphae, each strain was grown in liquid culture for 18 h and then H 2 O 2 was added (final concentration, 5 mM). At appropriate times, the mycelia were harvested, frozen in liquid nitrogen, ground to a powder, and used in RNA preparation. Conidia for RNA preparation were harvested from a 6-d-old colony on MM2G agar plates and processed in a similar fashion. Total RNA isolation from fungal mycelia and conidia was carried out using a Qiagen RNeasy plant mini kit with RNase-Free DNase (Qiagen). To obtain pools of cDNA from total RNA, a reverse-transcriptase (RT) reaction was carried out using Reva Tra Ace (Toyobo, Osaka, Japan). DNA manipulation was done according to standard laboratory manuals for recombinant DNA.
RT-PCR based Southern blotting. For gene-expression analysis, semi-quantitative RT-PCR-aided southern hybridization was performed by the procedures described previously, with slight modifications. 22) Using cDNA samples, semi-quantitative PCR was conducted with the specific primer sets listed in Table 2 . The PCR conditions used in this study were primarily 94 C for 1 min (denaturation), 53 C for 30 s (annealing), and 72 C for 2 min (elongation). Blend taq (Toyobo) was used for DNA amplification. Fifteen cycles was adopted for all samples in order to amplify double-stranded DNA in a semi-quantitative manner. The accumulation of amplified fragments was electrophoresed and then transferred to Hybond-N+ nylon membranes. Labeling of the probes and detection of hybridization signals were carried out using an AlkPhos Direct (Amersham, UK) and a LAS-3000MB (Fujifilm Co., Tokyo). DNA fragments, used for a probe, were obtained by PCR conducted with the set of specific primers.
Stress-tolerant assay for conidia. Conidia from each strain were harvested from 6-d-old colonies and suspended in PBS buffer containing 0.1% Tween 20. These suspensions were diluted into 10 5 conidia/ml, and were treated with 100 mM or 200 mM H 2 O 2 for 20 min at room temperature. They were appropriately diluted and spread on agar plates without any stress, and then the numbers of germinated conidia were counted. Those without H 2 O 2 treatment were used as a reference, and survival rates were calculated. For viability of conidia in storage, the harvested conidia were suspended in PBS buffer containing 0.1% Tween 20 with or without 15% glycerol and stored at 4 C in an appropriate concentration of conidia (10 5 conidia/ml). Germinated conidia were counted in a similar way.
Results

Inspection of A. nidulans His-Asp phosphorelay components
To compile a list of A. nidulans His-Asp phosphorelay components, an extensive computer-aided search for all A. nidulans open reading frames (ORFs) was 
conducted using current databases (http://www.broad. mit.edu/annotation/fungi/aspergillus/). As a result, we identified a number of genes, each of which most likely encodes a component of His-Asp phosphorelay. As summarized in Fig. 1 , these putative A. nidulans phosphorelay components consist of 15 HKs, four RRs, and only one HPt. All HKs predicted here are so-called hybrid-type HKs containing a receiver domain at the C-terminal end. Among these A. nidulans HKs, three (AN5296.3, AN1800.3, and AN9008.3) have been characterized to some extent, and were referred to as TcsA, 23) TcsB, 24) and FphA 25) respectively. TcsA (AN5296.3) and FphA (AN9008.3) have been characterized with special reference to the asexual and/or sexual developmental processes of A. nidulans. 23, 25) TcsB (AN1800.3) appears to be orthologous to the well-characterized S. cerevisiae osmotic sensor Sln1p (see the introduction). 24) Our inspection of the amino acid sequences of other HKs suggested further that two of them (AN3102.3 and AN3101.3) are highly homologous to Phk1 (or Phk2) and Phk3 respectively, both of which have been found to be involved in oxidative stress responses in S. pombe.
12)
Another (AN4479.3) is highly similar to CaNik1, which has been reported to be involved in hyphal formation in C. albicans.
14)
This fungus has only one HPt factor (AN2005.3). The HPt factor, designated YpdA, has been characterized by showing that when the coding-sequence was introduced into an S. cerevisiae Áypd1 mutant, this A. nidulans gene exhibited an ability to complement the lesion. 26) Therefore, it is very likely that the A. nidulans HPt factor is functional as an intermediate in phosphorelay.
Finally, it was revealed that A. nidulans has four genes (AN7697.3, AN3688.3, AN7572.3, and AN-4134.3), each of which encodes an RR. The numbers of RR genes are far less than that of HKs. One of these RRs (AN7697.3), previously designated SskA, has been characterized with reference to the A. nidulans HOG signaling pathway in response to osmotic and/or oxidative stresses, 26) in which the HogA MAP-kinase plays a crucial role. 27, 28) In this scenario, SskA is the counterpart of the S. cerevisiae Ssk1p response regulator (see the introduction). Another RR (AN3688.3) is also 15 genes for HK, four genes for RR, and one gene for HPt were identified by computer-aided search using the entire A. nidulans ORF database (http://www.broad.mit.edu/annotation/fungi/aspergillus/). The ID column shows the locus number given for each ORF in the database. Sequence motifs in each ORF were identified using the SMART (Simple Modular Architecture Research Tool) program (http://smart.embl-heidelberg.de/). PAS, PAS domain; PAC, PAC domain; shaded box, histidine kinase domain; H, histidine residue; hatched oval, receiver domain; D, aspartate residue; E, glutamate residue; GAF, GAF domain; STYKc, conserved domain in serine/threonine/tyrosine kinases; HSF, conserved sequence in heat shock transcription factors; STKc, conserved domain in serine/threonine kinases. The ortholog of each of the components identified is shown in the information column. Sln1p, Ssk1p, Skn7p, and Rim15p are S. cerevisiae proteins. Fos-1 is A. fumigatus HK. Phk1, Phk2, and Phk3 are S. pombe HKs. CaNik1 is C. albicans HK. AN9008.3 is phytochrome-type HK.
of interest in that it is highly homologous to Skn7p of S. cerevisiae (or Prr1 of S. pombe). 29, 30) These RRs have in common a characteristic structural design containing a mammalian heat shock factor (HSF)-like domain followed by a receiver domain (see Fig. 1 ). In this study, this protein is referred to as SrrA (stress response regulator A). The third RR member (SrrB), encoded by AN7572.3, shows significant similarity to Rim15p of S. cerevisiae, in which this regulatory protein appears to play a role in cell cycle regulation, and particularly in G0-phase entry. 31) SrrB may not be authentic RR, because its receiver domain lacks the phospho-accepting Asp-residue that is invariant in authentic RRs. The last one (AN4134.3) encodes a small protein (SrrC) containing only a receiver domain, without any other feature.
Conservation of RRs in fungi
As noted above, A. nidulans has four genes each of which encodes a putative RR (namely, SskA, SrrA, SrrB, and SrrC). To gain further information on about these RRs, we inspected the databases not only on closely related fungi, A. fumigatus 8) and A. oryzae, 9) but also on other distantly related fungi, including N. crassa, 32) Magnaporthe grisea, 33) and Fusarium graminearum.
34) The results are summarized in Table 3 . They indicate showing that these RRs (except for SrrC) are highly conserved among these eukaryotic microorganisms, including yeasts. Taking these results together, we thought that it would be most reasonable to assume that the small set of RRs are the components of first choice for characterization at the molecular level in the hope of obtaining a preliminary view of the His-Asp phosphorelay network in A. nidulans. Based on this, we constructed a set of deletion mutants in which each one of the four RR genes is knocked out one by one.
Construction of a set of A. nidulans RR mutants By employing the standard procedures to construct a gene-knockout mutant via a homologous recombination in A. nidulans, the four types of deletion mutants were isolated, and then their genomic structures were confirmed not only at the level of genomic DNAs (data not shown), but also at the level of expressed mRNAs (see Fig. 5 ). Hereafter these mutants will be referred to as ÁsskA, ÁsrrA, ÁsrrB, and ÁsrrC. ABPU1(argB2) was used in each case as the parental strain, and this strain was crossed with FGSC A57, which carries the argB+ allele, to yield an appropriate reference strain BPU1 (argB+), which was used as a wild-type strain in this study. In this regard, the ÁsskA strain was newly constructed with the ABPU1 background, which is distinct from the previous one. 26) When these strains were grown on a solid minimal-medium containing 2% glucose (MM2G), the deletion mutants grew as well as the wild-type (Fig. 2, upper panels) , but we noticed that the nature of the cell-surfaces of ÁsskA and ÁsrrA were somewhat different from those of others, including the wild-type. Indeed, observation by SEM revealed that conidiophore formation is very poor in these particular mutants even after prolonged incubation on agar plates, as compared with the others. The results of a quantitative examination of conidium in these mutants further supported the conclusion that the observed phenotypes of ÁsskA and ÁsrrA are not subtle (as indicated in Fig. 2) . Nonetheless, it is not certain whether this is a direct or rather an indirect consequence of these mutational lesions, because we were able to isolate a significant amount of conidia from these mutants, as analyzed below.
In short, first we prepared a set of well-established RR mutants. As explained demonstrated below, some of them (ÁsskA and ÁsrrA) showed certain striking phenotypes that are indicative of the physiological impact of His-Asp phosphorelay signal transduction in A. nidulans.
Both ÁsskA and ÁsrrA cells are hypersensitive to hydrogen peroxide
In accordance with the current general view with regard to phosphorelay signaling, it was speculated that A. nidulans RRs might play roles in stress responses. 29, 30, 35, 36) Therefore, ÁsskA and ÁsrrA cells were grown on MM2G agar plates under a variety of harsh conditions, such as high osmolarity (0.8 M KCl or 1 M sorbitol), heavy metal (0.06 mM CdSO 4 ), aberrant temperature (42 C or 27 C), and oxidative stress (4 mM H 2 O 2 , 0.8 mM t-BOOH, 1 mM diamide, and 0.06 mM menadione). As compared with the wild-type, both of the mutants appeared to be slightly sensitive to 0.8 M KCl and 1 M sorbitol added to the medium (Fig. 3A) . More significantly, both of them are highly To confirm this intriguing finding further, a ÁsskA ÁsrrA double mutant was constructed by the standard procedures of genetic crosses (see ''Material and Methods''). These mutations were further examined with special reference to hydroxyl peroxide stress ( Fig. 4A and B) . The results are best explained by assuming that SskA and SrrA contribute additively to an oxidative stress responsive signaling network in a parallel (neither redundant nor epistatic) manner.
Both SskA and SrrA are required in the expression of catB In general, catalases are central in H 2 O 2 detoxification. In A. nidulans, four catalases (CatA to D) have been identified. [37] [38] [39] [40] For both ÁsskA and ÁsrrA cells grown in MM2G liquid medium (i.e., under hyphal growth conditions), the expression of these four catalase genes was examined in response to H 2 O 2 (5 mM), which was applied externally to the medium (Fig. 5) . This was done by RT-PCR-based Southern blotting analysis with a set of gene-specific primers (see Table 2 ). The results clearly showed that among the four catalase genes, catB was rapidly and specifically induced in response to H 2 O 2 in wild-type hyphae, and that this induction of mRNA was abolished completely both in the ÁsskA and the ÁsrrA mutant hyphae. In these experiments, no expression of catA and catD was detectable, and this is consistent with a previous report that these two cat genes are expressed only during the process of asexual or sexual development. 39, 40) These results support the view that both SskA and SrrA are required for inducible expression of catB in hyphae, and that mutational lesions in either sskA or srrA result in a phenotype of hypersensitiveness to H 2 O 2 . The physiological impact of these RRs in oxidative stress responses in A. nidulans was further strengthened by the fact that both the sskA and the srrA genes themselves were induced by H 2 O 2 treatment of wild-type hyphae, as also found here (Fig. 5) .
Wild
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In ÁsskA, isolated conidia are also sensitive to oxidative stresses Under the growth conditions on MM2G agar plates used in this study, it is well known that A. nidulans cells undergo asexual development by forming conidia, as indicated earlier (see Fig. 2 ). It is also known that the resulting conidia are resistant to relatively high concentrations of H 2 O 2 (e.g., >100 mM), as demonstrated here for conidia from the wild-type (Fig. 6A) . It was thus of interest to examine whether conidia from ÁsskA or ÁsrrA would be sensitive to H 2 O 2 . When isolated conidia were pre-treated with 200 mM H 2 O 2 , the germination rate of the conidia from ÁsskA was markedly reduced as compared with those from the wild-type and ÁsrrA. These results suggest that SskA plays a distinctive role during the process of asexual A, H 2 O 2 treatment assay. Conidia from the wild-type, ÁsskA, and ÁsrrA strains were harvested from 6-d-old colonies and suspended in PBS buffer containing 0.1% Tween 20. These suspensions were diluted to 10 5 conidia/ml. They were treated with 100 mM or 200 mM H 2 O 2 for 20 min at room temperature. Then they were diluted appropriately and spread on agar plates without stress. The numbers of germinated conidia were counted. Those without H 2 O 2 treatment were used as a reference, and then survival rates were calculated. B, The viability of conidia upon storage at 4 C. Conidia from wild-type, ÁsskA, and ÁsrrA strains were diluted into 10 5 conidia/ml in PBS buffer containing 0.1% Tween 20 with or without 15% glycerol, and stored at 4 C for up to 12 d. At the indicated times, aliquots of conidia suspension were diluted appropriately and spread on agar plates without stress. The numbers of germinated conidia were counted. Those at day 0 were used as a reference, and then survival rates were calculated. Mycelia of wild-type and ÁsskA (A) or ÁsrrA (B) were harvested at various times after the addition of H 2 O 2 and used to prepare RNA (see ''Materials and Methods''). cDNA samples were obtained by RT-PCR and used for semi-quantitative PCR with the specific primer sets shown in Table 3 . The amplification cycle was always set to 15 cycles to prevent saturation of the PCR products. The amplified fragments were detected by hybridization. The transcriptions of catA (AN8637.3), catB (AN9339.3), catC (AN5918.3), and catD (AN7388.3) genes and the sskA and srrA genes were investigated. Isolated rRNA samples are shown as a control. development, although both SskA and SrrA additively contribute to an oxidative stress response through an adaptive induction of catB under hyphal growth conditions.
As mentioned above (see Fig. 5 ), the alternative catA catalase gene is specifically induced during asexual development. Indeed, conidia from the wild-type contained a large amount of catA-mRNA (Fig. 7) . On the other hand, conidia from ÁsskA contained a very small amount of the corresponding transcript, although the levels of other catalase transcripts were comparable in the wild-type and mutant spores. These results suggest that SskA is responsible not only for adaptive induction of catB in response to oxidative stress during hyphal growth, but also for developmentally programmed induction of catA during asexual spore formation.
SskA is implicated in stress-tolerant conidia formation
During the course of experiment described above (Fig. 6A) , the isolated conidia were kept at 4 C in an appropriate buffer (PBS buffer containing Tween 20), but we noticed that conidia from ÁsskA tended rapidly to lose the ability to germinate on MM2G agar plates, within a few days, even without external oxidative stress (Fig. 6B) . When 15% glycerol was added to the storage buffer, the apparent viability of the ÁsskA spores was further reduced (Fig. 6B) . We also found that the ÁsskA spores showed a heat-labile phenotype when subjected to high temperature (50 C) for 10 min, as compared with those from the wild-type (data not shown). In this respect, it should be emphasized that the conidia from ÁsrrA were quite tolerant of these stressful conditions, as in the case of the wild-type spores (Fig. 6A and B) . This is consistent with the view that SskA (but not SrrA) might generally be implicated in stress-tolerant asexual spore formation.
With regard to this issue, in addition to the oxidative stress associated catA, it has been reported of A. nidulans that several other genes are also important in a sort of general stress-tolerance of conidia (during storage and/or germination). These stress-tolerance genes include tpsA, encoding a trehalose-6-phosphate synthase, 41) and gldB, encoding glycerol dehydrogenase, which is involved in glycerol accumulation. 42) It was thus of interest to examine the levels of these transcripts in conidia from ÁsskA. This was done not only for tpsA and gldB, but also for other genes (orlA, treB, gfdA, and gfdB) that are involved in trehalose and glycerol metabolism (Fig. 7) . 27, [43] [44] [45] It was found that conidia from ÁsskA contained a significantly lower amount of transcript for each of these stress-tolerant or germination-associated genes. These results together support the view that SskA plays more sophisticated or wider roles in stress-tolerant spore development (Figs. 6 and 7) than originally thought for the vegetative hyphal growth (Figs. 4 and 5) . These results suggest another intriguing view that SskA and SrrA play coordinate and distinct roles in the His-Asp phosphorelay signaling network of A. nidulans.
Discussion
A tentative model of the His-Asp phosphorelay signaling network in A. nidulans
In this study, we compiled for the first time a comprehensive list of A. nidulans His-Asp phosphorelay components (Fig. 1) . It was then demonstrated that the SskA and the SrrA response regulator together play coordinate roles in hydrogen peroxide resistance during hyphal growth (Fig. 4) . This was evidenced in part by the fact that these RRs are responsible for the adaptive induction of the catB catalase gene at the level of transcription (Fig. 5) . Furthermore, SskA (but not SrrA) was implicated in a mechanism underlying the development of stress-tolerant conidia spores. This was partly explained by the fact that conidia stress-tolerant genes, such as catA, gfdB, and tpsA, are down-regulated in conidia lacking SskA. These results together are indicative of the physiological importance of the His-Asp phosphorelay network, in which the downstream SskA and SrrA response regulators play coordinate roles during both hyphal growth and asexual development. These views are schematically summarized in Fig. 8 . Into this tentative model, the HogA-MAPK (mitogen activated protein kinase) cascade is also integrated at the downstream of SskA, in accordance with previous knowledge. 26) This overview of the His-Asp phosphorelay signaling pathway that is linked to the stress-activated MAPK cascade in A. nidulans, is principally analogous to those established previously for the model unicellular yeasts, S. cerevisiae 10, 11) and S. pombe.
12) The role of SrrA in A. nidulans is also analogous to those reported previously for Skn7p (S. cerevisiae) 29) and Prr1 (S. pombe), 30, 46) and Candida albicans). 47, 48) This suggests that a characteristic stress-responsive signaling pathway consisting of the prokaryotic and the eukaryotic signaling modes is highly conserved within a variety of species belonging to fungi. However, it should be emphasized that S. cerevisiae has only one HK and S. pombe three, while A. nidulans has 15. Therefore, there must be a fundamental difference at the step at which divergent environmental signals are properly integrated by HKs into the relatively simple set of downstream RRs in A. nidulans.
SskA acts upstream of the HogA-MAPK cascade As judged by the amino acid sequence, SskA is postulated to be orthologous to the well-characterized Ssk1p response regulator of S. cerevisiae, which acts as a modulator upstream of the yeast HOG1-MAPK cascade, which consists of Ssk2p-Pbs2p-Hog1p. In the yeast scenario, Ssk1p directly regulates the activity of Ssk2p MAPK kinase kinase so as to activate the downstream Hog1p MAP kinase through phosporylation. 36) In A. nidulans the HogA-MAPK cascade has been characterized to some extent. In it, SskA was shown to be required for the activation of this MAPK cascade in response to osmotic or oxidative stresses during hyphal growth. 26) In this study, we further found that SskA is responsible for the expression of several stress-tolerant genes, such as catB in hyphae, 38) and catA, 39) gfdB, 27) and tpsA 41) in asexual spores. Among these genes, it is known that the gfdB gene encoding a glycerol 3-phosphate dehydrogenase is induced in response to an osmotic stress in a manner dependent on the HogA-MAPK cascade. 27) These results consistently support the view that SskA is responsive in a variety of stress responses during both hyphal growth and asexual development in that it modulates the downstream stress-activated HogA-MAPK cascade (Fig. 8) . This is consistent with a previous report according to which the mutant strain in hogA gene produces conidia with low viability and high sensitivity to oxidative stress. 28) Nonetheless, it is difficult at present to assign the corresponding sensors from among the 15 HKs, as further discussed below.
SrrA appears to act as a transcriptional factor In contrast to SskA, which functions as a molecular switch for a MAPK kinase kinase, SrrA appears to be a DNA-binding transcription factor containing a heatshock factor (HSF) domain. As found here, SrrA is responsible for the expression of catB in the hyphae of A. nidulans. It has been found for Prr1 of S. pombe that this SrrA ortholog binds to a DNA sequence with an HSF-consensus nGAAnn(A/T)TC(G/T). 46) Taking all this together, it may be assumed that SrrA activates catB transcription by binding directly to its promoter region. It may also be assumed that the DNA-binding activity of SrrA is modulated through phosphorylation by certain upstream HKs. These assumptions remain to be evidenced at the molecular level, and it is crucial to determine which HKs are the upstream partner for SrrA.
A comparative overview of the His-Asp phosphorelay components in fungi Genomic sequence databases are currently available for many fungal species, such as A. fumigatus, A. oryzae, and N. crassa.
8,9,32) As pointed out above, they appear to have many more HK genes in common than yeasts. Indeed, N. L. Catlett, and colleagues have also reported that many HKs (16 to 21 genes) are present in plant pathogenic fungi genomes (Cochliobolus heterostrophus, Gibberella moniliformis, and Botryotinia fuckeliana). 19) Notably, some of these HKs (e.g., TcsB, FphA, AN3102.3, AN3101.3, AN4479.3, and AN7945.3, in Fig. 1 ) are highly conserved among these fungi. 19) As shown in Table 3 , they also have a small number of conserved RRs (corresponding to SskA, SrrA, and SrrB). Hence the results in this study of A. nidulans should readily be applicable to other fungi of interest. In this respect, the genome sequences are available for two species belonging to basidiomycete, Phanerochaete chrysosporium 49) and Coprinus cinereus. Even in these distantly related species FphA and AN4479.3 are conserved, suggesting that these HKs are very prevalent across eumycetes. FphA appears to be a photoreceptor, 25) and AN4479.3 (corresponding to CaNik1 in Fig. 1 ) appears to be implicated in the response to certain fungicides. 50, 51) In any case, clarification of the physiological functions of A. nidulans HKs must await extensive examination, regardless of whether they are conserved among fungi. General puzzles as to the fungal His-Asp phosphorelay signaling network
In this study, we clarified the physiological roles of two major RRs of A. nidulans at least in part (see Fig. 8 ). But we have no idea about the upstream HKs that modulate SskA or SrrA in response to certain oxidative stimuli or the ones that specifically activate SskA during asexual development. In accordance with the S. cerevisiae case, TcsB might be an upstream HK of SskA. But this is inconsistent with a previous report that TcsB is dispensable for the activation of HogA-MAPK by osmotic and oxidative stresses. 26) Recently, it was reported that C. heterostrophus Dic-1 (homologous to CaNik1 and AN4479.3) is involved in the activation of the conserved MAPK cascade in response to osmotic stress. 51) Hence, AN4479.3 might be the HK sensor upstream of SskA. In accordance with the S. pombe case, however, Phk1/2 (homologous to AN3102.3) and Phk3 (AN3101.3) act as HK sensors for the hydroxyl peroxide signal, 12) suggesting that these A. nidulans HKs (AN3102.3 and AN3101.3) might also be good candidate modulators of SskA. Similarly, the question is which HKs are the sensor for SrrA.
In the context of these questions, a general problem of the His-Asp phosphorelay network in A. nidulans is that there are too many sensory HKs for the numbers of downstream RR effecters (see Fig. 1 ). Finally, this issue shall be addressed briefly. If such multiple HKs were activated at once within a cell, it is hard to envisage a priori how this sort of bottleneck-type network can work as an intact biological signaling system. A naive hypothesis is that the functions (or expression) of HKs are temporarily and spatially regulated during the complicated mitotic and meiotic life cycles (or developmental stages) of these multi-cellular fungi. For instance, HK-x modulates SskA in the growing hyphae, HK-y phosphorylates it during asexual development in conidiophore, and HK-z does so during sexual development in the cleistothecium. In this scenario, HK-x, -y, and -z might be able to sense the different signals to regulate the same SskA effecter. But, there is an even tougher puzzle left in this scenario, that is, how does the same phosphorylated (or dephosphorelated) SskA exert distinctive jobs in each organ (or tissue). These are general problems with regard to signal transdution in multi-cellular eukaryotes. In this respect, the model A. nidulans His-Asp phosphorelay signaling network should provide a relatively simple paradigm to approach these fundamental problems from a systems-biological viewpoint.
